Halogenated phenylbacteriochlorins are synthesized with high yields in a two-step procedure. They have strong absorbances in the red and are very stable to air and light at room temperature. Flash photolysis measurements show that the triplet states of these bacteriochlorins have 30 µs lifetimes in deaerated toluene, that are quenched with diffusion-controlled rate constants by molecular oxygen. Time-resolved photoacoustic measurements, with nanosecond and nanocalorie resolution, show that these bacteriochlorins sensitize the formation of singlet oxygen with nearly unity quantum yield. However, singlet-oxygen phosphorescence measurements indicate that physical quenching occurs before the singlet-oxygen molecules diffuse into solution, and nearly half of the sensitized singlet states are lost.
Introduction
Stable molecular species with long-lived triplet states formed by the absorption of red or near-infrared light, play an important role in photochemistry. They may find application as catalysts in photooxidation reactions, 1 photoinsecticidal agents, 2 and drugs for photodynamic therapy. [3] [4] [5] Furthermore, they may contribute to our understanding of triplet-triplet energy transfer processes and their relation to electron transfer. [6] [7] [8] [9] Such molecular species act as sensitizers, which absorb light and transfer its energy to molecular oxygen. This leads to the formation of singlet-oxygen, which may oxidize nearby species. When this is the mechanism, the efficiency of the sensitizer depends on its absortivity in the red or near-infrared, and of its efficiency in generating singletoxygen. These two aspects must be combined in a molecule that can be made in large quantities with high purity.
In our earlier work, 10, 11 we showed that the substitution of H atoms in the 2 and 6 positions of 5,10,15,20-tetrakisarylporphyrins (TPP) and 5,10,15,20-tetrakisarylchlorins by F and Cl atoms, significantly increases their singlet-oxygen quantum yield (Φ ∆ ). This is a consequence of the increase in the intersystem crossing rate due to the presence of heavy atoms. On the other hand, the reduction of one pyrrol ring increases the absorption coefficient of the lowest energy band, 660 ≈ 2 × 10 3 M -1 cm -1 for the porphyrins and 660 ≈ 3 × 10 4 M -1 cm -1 for the chlorins. We showed that these porphyrins and chlorins are sufficiently stable to be efficient sensitizers for photooxidation reactions. 1 We expect that the reduction of another pyrrole ring, leading to the analogous bacteriochlorins, would increase even further the absorption in the red. In this work we describe an efficient synthetic method for 5,10,15,20-tetrakishalogenophenylbacteriochlorins (Chart 1) and show that these new molecules have intense absorptions ca. 745 nm, while they are stable species with long-lived triplet states.
Experimental Section
Instrumentation. 1 H NMR spectra were recorded on a 300 MHz Bruker-AMX spectrometer. Mass spectra were obtained on a VG autospec and elemental analysis on EA1108-CHNS-0 Fisons Instruments. Absorption spectra were recorded with a Shimadzu UV-2100 spectrophotometer. Fluorescence and phosphorescence spectra were measured with a Spex Fluorolog 3 spectrophotometer, with correction for the wavelength dependence of the detection system (RCA C31034 photomultiplier and the 1934D3 module for phosphorimetry). Flash photolysis employed an Applied Photophysics LKS.60 laser flash photolysis spectrometer, with a Spectra-Physics Quanta-Ray GCR-130 Nd:YAG laser and a Hewlett-Packard Infinium Oscilloscope (1MS/s); the samples were irradiated with the third harmonic of the laser (355 nm), the monitoring white light was produced by a 150 W pulsed Xe lamp and the detection of the transient spectra in the 300-900 nm range was made with Hamamatsu 1P28 and R928 photomultipliers. Time-resolved photoacoustic calorimetry (PAC) measurements were performed in a homemade apparatus following the front-face irradiation design described by Arnaut et al. 12 and discussed in detail elsewhere. 10, 11, 13, 14 Singlet-oxygen phosphorescence decays were measured at the Norwegian University of Science and Technology (Trondheim) using a third harmonic of a Nd:YAG laser to pump a optical parametric oscillator (BM Industries) tuned to 517 nm, and operating with a laser intensity of 10 mJ/pulse and frequency of 10 Hz. The phosphorescence was measured with a Hamamatsu R5509 photomultiplier cooled to -80°C, using a long-pass filter transmitting wavelengths longer than 700 nm, followed by an interference filter with peak transmission of 52% centered at 1272.5 nm.
Materials. All solvents and reagents (Aldrich) were purified by standard methods before use. Ni(II)-2,11,20,29-tetra-tertbutyl-2,3-naphthalocyanine (NiNC) was used as purchased from Aldrich. All the photophysical and photochemistry measurements were carried out in toluene.
Bacteriochlorin Synthesis. The halogenated porphyrins were synthesized according to the procedures described elsewhere. 10, 15 The yields of the isolated products were 11% for 5,10,15,20-tetrakis(2,6-difluorophenyl)porphyrin, 3% for 5,10,15,20-tetrakis(2-chlorophenyl)porphyrin, and 5% for 5,10,15,20-tetrakis-(2,6-dichlorophenyl)porphyrin. The bacteriochlorins were prepared from the corresponding porphyrins following two alternative procedures.
Procedure A. The porphyrin (0.10 mmol) and p-toluenesulfonylhydrazine (4.0 mmol, 744 mg) were dissolved in 100 mL of N 2 -saturated xylene and the temperature raised to 140°C
. The reaction was monitoring by UV-vis spectroscopy until the 744 or 747 nm absorption band (typical of bacteriochlorins) reached its highest value and then more p-toluenesulfonylhydrazine (4.0 mmol, 744 mg) was added. The reaction was stopped when the band at 744 or 747 nm reached its maximum. After cooling, xylene was removed in a vacuum and the product dissolved in chloroform, washed with water (20 mL ×10), dried with Na 2 SO 4 and was crystallized from chloroform.
After crystallization, NMR-1 H analysis showed that the bacteriochlorin is contaminated with only a small amount of the corresponding chlorin. The yields from RMN-1 H analysis are 88%, 76%, and 90% for TDFPB, ToCPB, and TDCPB, respectively. The corresponding chlorin can be removed by silica preparative thin-layer chromatography using toluene as eluent for TDFPB and ToCPB and toluene/chloroform (60/40) for TDCPB. Isolated yields and characterization after recrystallization from chloroform are presented below.
Procedure B. The porphyrin (0.10 mmol), p-toluenesulfonylhydrazine (4.0 mmol, 744 mg), and CO 3 K 2 (4.0 mmol, 552 mg) were dissolved in 100 mL of N 2 -saturated R-picoline and the temperature raised to 120°C. The reaction was monitored by UV-vis spectroscopy as described above, and more ptoluenesulfonylhydrazine (4.0 mmol, 744 mg), as well as CO 3 K 2 (4.0 mmol, 552 mg), were added. After cooling, 100 mL of water were added; the precipitate was washed with methanol and recrystallized from chloroform. The yields from RMN-1 H analysis are 95%, 88%, and 95% for TDFPB, ToCPB, and TDCPB, respectively. The purification was made as described for procedure A. Yields after recrystallization are presented. Bacteriochlorin Luminescence. Fluorescence quantum yields were measured according to published procedures. 10, 11, 16 All the solutions were carefully deoxygenated with N 2 , previously saturated in toluene. The fluorescence spectra were recorded for all bacteriochlorins with excitation light at λ max of the Q x -(0,0) and Q y (0,0) bands. TPP and TDFPB were used as reference for the calculation of fluorescence quantum yields with excitation at the Q x (0,0) and Q y (0,0) bands, respectively. Fluorescence excitation spectra were obtained for all bacteriochlorins at the fluorescence band and agreed well with the corresponding absorption spectra. Attempts to measure phosphorescence in toluene at liquid nitrogen temperature did not reveal any band below 900 nm.
Flash Photolysis. Air and N 2 -saturated solutions with absorbances between 0.2 and 0.4 at the Soret band, were irradiated with the third harmonic of the Nd:YAG laser (355 nm, 50 mJ, 8 ns fwhm). Triplet-triplet absorption spectra were obtained for all the bacteriochlorins. Their decays at 310, 400, and 790 nm were followed in the presence and absence of air, and fitted to one exponential. Photoacoustic Calorimetry. We followed our protocol for PAC measurements. 10, 11, 13 Bacteriochlorins were irradiated at the maximum of the Q x (0,0) and Q y (0,0) bands with a N 2 -pumped dye laser and using respectively trans--carotene and Ni(II)-2,11,20,29-tetra-tert-butyl-2,3-naphthalocyanine as calorimetric reference.
CHART 1: Bacteriochlorins, and Respective Abbreviations, Studied in This Paper
Singlet-Oxygen Phosphorescence. The absorbance of airsaturated solutions of C 60 in benzene and bacteriochlorins or TPP in toluene was adjusted to 0.300 at 517 nm. Each solution was irradiated with 257 laser shots in a standard 1 cm quartz cell and the corresponding singlet-oxygen emissions were averaged. The emission of the C 60 solution was taken as reference for the calculation of singlet-oxygen phosphorescence quantum yields. The approximate time response of this setup is 0.1 µs.
Results
Synthesis. The 5,10,15,20-tetrakishalogenobacteriochlorins were synthesized using two different conditions for the diimide generation. In the procedure called A, the porphyrin and p-toluenesulfonylhydrazine is refluxed in xylene and the diimide is generated by thermal cleavage (ca. 140°C). 17 In procedure B, the porphyrin, p-toluenesulfonylhydrazine and CO 3 K 2 are refluxed in R-picoline, and the diimide is generated by reaction with base. 17 Both procedures give high yields of bacteriochlorin. The yields, from RMN-1 H analysis, for the same reaction time and different additions of precursors, are presented in Table 1 . In both cases the reaction product is a mixture of a bacteriochlorin and a chlorin, without appreciable quantities of degradation products.
UV-vis was used to follow the reaction taking aliquots (30 µL/3 mL) from the reaction mixture and the ratio between de absorbance at 745 nm and the absorbance at 655 nm was registered. Figure 1 shows the growth of TDCPB in both procedures, which is representative of all the compounds studied.
The stability of the three bacteriochlorins (solutions 7 × 10 -4 M) to air, light, and temperature, in xylene and R-picoline, was studied by UV-vis spectroscopy following de evolution of longwavelength absorbance bands of the bacteriochlorins (λ max )745 nm) and chlorins (λ max )655 nm) with the time, Figure 2 .
The bacteriochlorins were purified on silica gel thin-layer chromatography, using toluene as eluent and solvent. A mixture of toluene/chloroform (60/40) proved to be more convenient for the separation of TDCPB, due to its poor solubility in pure toluene. During the concentration process, after chromatography, the formation of up to 8% chlorin is unavoidable.
Photophysics and Photochemistry. The influence of 8% chlorin in some of our samples was carefully assessed in these studies. We always irradiated the samples at wavelengths where the bacteriochlorin absorbs more than 99.5% of the incident light. We can rule out all the interference of the chlorins in our photophysical measurements based on the following facts: 1. A detailed study of the chlorins 11 showed that they do not undergo any photochemistry in our reaction conditions; 2. PAC measurements with irradiation at 747 nm (where the chlorin does not absorb light) and 510 nm (the most adverse conditions, where the chlorin absorbs 0.5% of the light) gave the same results; 3. A specially prepared bacteriochlorin sample with less than 1% chlorin (Figure 3 , where the band at 410 nm is the chlorin and has the same absorption coefficient as the bacteriochlorin at 744 nm), gave the same results as the other samples. The problem of chlorin contamination is usually ignored. However, in large-scale applications of bacteriochlorins it will be unavoidable. All the photophysical measurements were carried out in toluene, using solutions with concentrations in the 10 -5 -10 -7 M range where the Beer-Lambert law was always obeyed, and no evidence for aggregation was found. The absorption, fluorescence excitation and fluorescence emission spectra of TDFPB, representative of the three bacteriochlorins, are shown in Figure 3 . The relevant absorption and fluorescence data are summarized in Table 2 . We found no evidence for phosphorescence at 77 K below 900 nm. The Stokes shifts are very small, and the spectroscopic energies of the first singlet state are nearly identical to the relaxed energies. The fluorescence quantum yields were measured with irradiation at the maximum of the Q x (0,0) and Q y (0,0) bands. In the irradiation of the Q x (0,0) band, 5,15,20,25-tetrakisphenylporphyrin (TPP) was used as reference, and in the irradiation of the Q y (0,0) band, TDFPB was used as reference for the other two bacteriochlorins. The fluorescence emission spectra with irradiation of the Q x (0,0) band show small bands at 658, 657, or 661 nm for TDFPB, ToCPB and TDCPB. We identified these bands as the first emission band of the respective chlorins 11 using fluorescence excitation. The emission of the chlorins contributes with less than 6% to the total fluorescence quantum yield, and was taken into account in the determination of the fluorescence quantum yields of the bacteriochlorins.
Flash photolysis reveals three important triplet-triplet absorption bands, at 310, 400, and 790 nm, for all the bacteriochlorins (Figure 4) . The decays at these wavelengths give triplet lifetimes longer than 30 µs in deaerated solutions, which are reduced to ca. 250 ns in aerated solutions. The oxygenquenching rate constant was calculated from the triplet lifetimes in aerated and deaerated toluene solutions at room temperature, and using [O 2 ]) 1.81 × 10 -3 M for air-saturated toluene solutions. The decays of TDFPB, representative of the other bacteriochlorins, at 400 nm in the presence and absence of air are presented in Figure 5 . Table 3 presents the triplet lifetimes and the oxygen-quenching rates in toluene.
Time-resolved photoacoustic calorimetry (PAC) was carried out at the maximum of the Q x (0,0) and Q y (0,0) bands, ca. 515 and 745 nm. At 515 nm we employed trans--carotene as the PAC reference. At 745 nm we had to use a new reference. Ni(II)-2,11,20,29-tetra-tert-butyl-2,3-naphthalocyanine (NiNC) was selected for its absorption at this wavelength and its expected short lifetime. We verified if NiNC had the adequate properties to be used as a PAC reference prior to its use. Its fluorescence quantum yield is negligible. Its photoacoustic response is linear with the laser intensity and with the fraction of laser energy absorbed in the PAC cell. NiNC has the same PAC response as trans--carotene at 421 nm. Thus, we believe that NiNC is a suitable PAC reference for studies at λ > 700 nm. Figure 6 shows the photoacoustic waves of NiNC and TDFPB in the most extreme conditions employed in this study.
The interpretation of the photoacoustic waves was made with the kinetic scheme presented in Figure 7 . We use a kinetic model involving two sequential exponentials to deconvolute the photoacoustic waves. The formation of the triplet state of the sensitizer correspond to the first exponential and is described by the lifetime of its formation (τ 1 ) and by the fraction of energy released in that lifetime (φ 1 ). The lifetime τ 1 is very short but its exact value is unknown. In the deconvolution process we set τ 1 to 1, 0.01, or 0.001 ns, and saw no difference in the value of φ 1 obtained with the last two values. Thus, we set τ 1 )0.01 ns to obtain φ 1 , that is, the fraction of energy released in the formation of the triplet state. The agreement between calculated (C-wave) and experimental (E-wave) shown in Figure 6 , is representative of the results obtained with our apparatus. The product of the triplet quantum (Φ T ) and energy (E T ) is given by where E hνmax is the energy at the maximum fluorescence intensity and E hν )38.4 kcal mol -1 at 745 nm.
In deoxygenated solutions, the triplet-state lifetime (τ T ) is too long to be detectable with the 2.25 MHz transducer employed in these PAC measurements, but flash photolysis experiments give τ T ≈ 250 ns in aerated solutions. These decay times now fall in the time window of the 2.25 MHz transducer. Thus, in aerated solutions, the lifetime of the second exponential obtained by deconvolution (τ 2 ), is associated with the triplet lifetime and with the fraction of energy released (φ 2 ) in its decay. Setting τ 1 ) 0.01 ns and τ 2 ) τ T , obtained by flash photolysis, the value of φ 2 is given by the transfer of energy from the triplet state of the sensitizer to molecular oxygen. This methodology has been described in detail elsewhere. 10, 11, 13, 18, 19 The singlet-oxygen quantum yields can now be estimated with knowing that the singlet-oxygen energy is E ∆ ) 22.5 kcal mol -1 and using the value of Φ T E T obtained with eq 1.
The singlet-oxygen phosphorescence of aerated bacteriochlorin and TPP toluene solutions were measured relative to that of aerated benzene solutions containing C 60 as the singlet-oxygen sensitizer. The phosphorescence quantum yields (Φ ∆ L ) were determined from the relative phosphorescence decays, shown in Figure 8 , using Φ ∆ L (C 60 ) ) 1.0. 14 Table 3 also includes the values of Φ ∆ L measured in this work. The phosphorescence traces are closely fit by monoexponential decays in the 7-120 µs time range. The singlet-oxygen phosphorescence lifetimes τ(O 2 ( 1∆ g)) of the fresh solutions are presented in Table 3 .
The absorption, fluorescence emission, triplet-triplet absorption spectra, and lifetime of the triplet state remained unchanged after photoacoustic experiments, indicating that the sensitizers did not decompose appreciably during the irradiation, independently of the presence of air and light.
Discussion
Synthesis. Our methodology allows the synthesis of a diversity of porphyrins on large amounts and these compounds allow the synthesis of bacteriochlorins in two steps. Reduced porphyrins could be made through formation of exocycles rings, 20-24 by saturation of double bonds with hydroxyl, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] cyanomethyl groups, 5 or hydrogen. From these possibilities we choose the introduction of hydrogen because the structural modification is minimal and this is favorable for the study of the relationship between the photophysical and photochemical properties and the structure of these compounds.
All the methodologies employed for the introduction of hydrogen: photochemical reduction, 35 catalytic hydrogenation, 32 the reduction with sodium and isoamyl alcohol, 36-38 and reduction with diimide 32, 39 are based upon the fact that at least two of the double bonds of the porphyrin structure are not 
(1) Figure 8 . Singlet-oxygen phosphorescence decays observed following excitation of the sensitizers at 517 nm. The inset shows the first microseconds of the decays.
included in the 18 electron aromatic system. Thus, typical methods for reduction of isolated double bonds can be applied. Only the reduction with diimide was used for the treatment of 5,10,15,20-tetrakisarylporphyrins and this is the methodology followed in this work for the synthesis of the new bacteriochlorins. The synthesis was made using two different procedures, the generation of diimide from p-toluenesulfonylhydrazine through thermal cleavage and from p-toluenesulfonylhydrazine and CO 3 K 2 . In both procedures the reduction of porphyrin follows the same mechanism and a large quantity of diimide precursors is necessary. The yields of bacteriochlorins are dependent on the amount of diimide precursors. When the addition to the reaction mixture is made in the ratio porphyrin/p-toluenesulfonylhydrazine (1/40), (1/80) and in two batches of (1/40), the yields of bacteriochlorins obtained are ca. 65%, 85%, and 90%, respectively (Table 1) . This suggest that a high percentage of diimide decomposed in the reaction conditions before the porphyrin reduction occurred, that is, the diimide decomposition 17, 40 is competitive with the reduction reaction (Scheme 1). Figure 1 shows that after the first addition of diimide precursors there is an induction period, about 2 h in xylene and 6 h in R-picoline. During this period, we observe the formation of the corresponding chlorin together with a small amount of bacteriochlorin. After this period, the two reactions have a very similar evolution, as can be observed by the similar slope of the curves: bacteriochlorin is formed and chlorin is consumed. Then, in both cases the bacteriochlorin formation rate is significantly reduced, probably due to the absence of diimide. With the addition of the same amount of diimide precursor, the rate of bacteriochlorin formation increases again. The overall yield is comparable in both procedures but the reaction time is nearly half time in procedure A (Figure 1) .
At room temperature, in the absence and presence of oxygen, the reaction products are stable in xylene and R-picoline, at least for 15 days. At temperatures higher than 120°C, the absence of oxygen is critical for the stability of these compounds. In the presence of oxygen the typical band of bacteriochlorins decreases gradually with the time. For example, after 432 h (18 days) only 45% of the TDFPB remains in solution and 42% of chlorin is formed (Figure 2 ). This is clearly indicative that the oxidation of bacteriochlorins at high temperatures in the presence of oxygen gives the chlorin.
Photophysics and Photochemistry. The reduction of Φ F in the series TDFPB, ToCPB, and TDCPB, is similar to that observed for porphyrins 10 and chlorins, 11 and consistent with the SCHEME 1: Scheme of Diimide Generation, Porphyrin Reduction, and Diimide Decomposition Reactions expected heavy-atom effect. If we assume that Φ T ≈ 1 -Φ F for the deaerated halogenated bacteriochlorin solutions, as it is for the zinc halogenated porphyrins, eq 1 gives E T ) 24.7 kcal mol -1 , 27.0 kcal mol -1 , and 30.4 kcal mol -1 for TDFPB, ToCPB, and TDCPB, respectively. This corresponds to an energy gap of 9-14 kcal mol -1 between the S 1 and T 1 states of these bacteriochlorins, which is similar to the S 1 -T 1 gap obtained for analogous porphyrins and metalloporphyrins. 10 The phosphorescence of the bacteriochlorins should appear at 942-1160 nm, and is beyond the sensitivity of our present photomultipliers. In the absence of phosphorescence we cannot use eq 1 to determine the exact Φ T values, but we can still employ the product Φ T E T obtained in these experiments to determine Φ ∆ PAC using eq 2 and the values of φ 2 determined in aerated solutions. The triplet lifetime employed in the PAC deconvolutions was measured by flash photolysis. We point out that the triplet-triplet absorption spectra of our bacteriochlorins have clear isosbestic points ca. 355, 385, 500, 520, and 770 nm, suggesting that the triplet is quenched to the ground state. We also expected to see an isosbestic point at 420 nm but the presence of the chlorin bleaching obscures it. The values of Φ ∆ PAC obtained at ca. 745 nm are shown in Table 3 and confirm the trends observed for Φ T .
At this point, it is interesting to emphasize that the laser used in PAC has an energy ca. 50 µJ/pulse (12 µcal) at 745 nm, and that our standard working conditions require an absorbance of 0.01 in the PAC cell (considering the two light passes). Thus, in these experiments, the maximum energy absorbed was 0.12 µcal/pulse. Furthermore, our procedure calls for the use of filters to study the laser intensity dependence. The signals obtained for NiNC and TDFPB with a filter transmitting 17% of the 745 nm laser pulse are shown in Figure 5 . The TDFPB wave was fitted with φ 1 ) 0.33, which means that it was generated by the release of 6.7 nanocalories in less than 10 ns (the time response of our PAC apparatus). These measurements are only possible given the remarkable sensitivity of our PAC cell.
The singlet-oxygen quantum yields (Φ ∆ PAC ) measured by PAC for the bacteriochlorins are systematically larger than the corresponding singlet-oxygen phosphorescence quantum yields (Φ ∆ L ). The two techniques measure different quantities and will only give the same results when the lifetime of the sample is identical to that of the reference. This is the case of singletoxygen sensitization by C 60 in benzene and TPP in toluene, that give τ(O 2 ( 1∆ g)) ) 31.6 and 31.2 µs, respectively, under identical sensitization conditions. We measured Φ ∆ L ) 0.71 using the sensitization by TPP, that is within the experimental error of Φ ∆ PAC ) 0.69 previously determined. 10 We expect to obtain Φ ∆ PAC > Φ ∆ L when the phosphorescence lifetime of the reference is longer than that of the sample, even if they are initially formed with the same quantum yield. The simplest explanation for the observation of Φ ∆ PAC > Φ ∆ L is that there is a competition between singlet-oxygen phosphorescence and reaction with the bacteriochlorins. However, the lifetime of singlet-oxygen formed by sensitization by bacteriochlorins is only 5% lower than that of singlet-oxygen sensitized by C 60 . This is not enough to explain the 40% difference between Φ ∆ PAC and Φ ∆ L . Furthermore, the ratio of phosphoresce intensities at their maximum is only marginally higher than the quantum yields reported in Table 3 .
The long lifetime of singlet oxygen in the presence of bacteriochlorins is consistent with their long shelf life in aerated toluene solutions at room temperature. Furthermore, Φ ∆ L of bacteriochlorin-sensitized singlet oxygen decreases very little with time. The repetition of phosphorescence measurements after a week of exposure of the solutions to ambient temperature and air, leads to Φ ∆ L ) 0.59, 0.53, and 0.45 for TDCPB, ToCPB, and TDFPB, respectively.
It can be argued that the difference between Φ ∆ PAC and Φ ∆ L is related to the excitation wavelength, because the Φ ∆ L values were measured following irradiation at 517 nm, where the chlorin impurity also absorbs. However, we also measured Φ ∆ PAC with irradiation at 510 or 516 nm using trans--carotene as a reference, and confirmed the values obtained at 745 nm.
Reversible energy transfer between the triplet of the sensitizer and singlet oxygen could account for the low Φ P . This mechanism was shown to be operative for phthalocyanines (E T ) 22.8 kcal/mol), 41 but is expected to be inefficient for our bacteriochlorins (E T ) 25-30 kcal/mol).
We have to return to the quenching of the singlet-oxygen phosphorescence by the bacteriochlorins, to find an explanation for the difference between Φ ∆ PAC and Φ ∆ L . In the absence of changes in phosphorescence lifetimes or evidence for significant bacteriochlorin degradation, we can hypothesize that this quenching takes place shortly after the generation of singlet oxygen. The inset of Figure 8 shows the first 10 microseconds of the phosphorescence decays. It reveals that when C 60 or TPP are used as sensitizers, there is a growth of the emission in the first 2 microseconds, whereas when TDFPB or ToCPB are the sensitizers, there is a fast decrease followed by the slow (30-µs lifetime) decrease. Approximately half of the phosphorescence intensity generated by TDFPB or ToCPB is lost in the first microsecond. This explains the difference between Φ ∆ PAC and Φ ∆ L . The sensitization by TDCPB seems to fall in an intermediate case.
We can accommodate the available kinetic data with a simple modification of the reaction mechanism presented in Figure 7 . The modified mechanism, the three-sequential exponential decays shown in Figure 9 , involves the intermediacy of an emissive intermediate [S‚‚‚ 1 O 2 ] . This intermediate has the properties of an exciplex and is related to that originally proposed by Stauff and Fuhr. 42 scaling constant by the triplet quantum yield, Φ T (TPP) ) 0.73 10 and Φ T (TDFPB))0.93. The pseudo-first-order rate constant for the quenching of the triplet states is taken from flash photolysis, k 1 ) k ET [O 2 ])4 × 10 6 s -1 . The decay of free 1 O 2 gives k 3 ) 3.3 × 10 4 s -1 . The rate constant for the decay of the intermediate, k 2 , is the only parameter fitted in this scheme, because f ∆ (TPP) has been determined, f ∆ (TPP) ) 0.92, 10 and f ∆ (TDFPB) ) 0.45 from the singlet-oxygen phosphorescence quantum yields of the aged solution used in this fitting. The singlet-oxygen decays presented in Figure 10 were calculated with k 2 ) 2 × 10 6 s -1 . This is only an indicative value, reasonable for both TPP and TDFPB. Better fits are achieved with the use of different rates for TPP and TDFPB. For example, using k 2 < 1 × 10 6 s -1 we more closely fit the early peak of the emission sensitized by TDFPB. This is consistent with some degree of charge transfer in the [S‚‚‚ 1 O 2 ] intermediate, because TDFPB is expected to have a more positive oxidation potential and form a stronger charge-transfer complex with 1 O 2 . Such complex will have a lower k sep and consequently a lower k 2 . A correlation between the rate constant of T 1 , quenching by O 2 , and the oxidation potential of the sensitizer was recently reported by Schmidt et al. 43 for naphthalene derivatives. The remarkable feature of this mechanism is that it shows that half of the singletoxygen molecules sensitized by TDFPB may be deactivated before they separate from the sensitizer.
Conclusion
5,10,15,20-Tetrakis(2,6-difluorophenyl)bacteriochlorin, 5,10,-15,20-tetrakis(2-chlorophenyl)bacteriochlorin and 5,10,15,20-tetrakis(2,6-dichlorophenyl)bacteriochlorin are novel bacteriochlorins that can be synthesized by a two-step procedure in high yields, and remain stable at room temperature in solution with or without oxygen for at least 2 weeks. They absorb strongly in the red and give long-lived triplet states with high efficiency. These triplet states transfer their energy very efficiently to singlet oxygen, but nearly half of the sensitized singlet states are quenched before they diffuse into the solution. The halogenated bacteriochlorins are promising, singlet-oxygen sensitizers when irradiation in the red is required. , but similar patters are observed with k2 in the 10 6 s -1 range. The other parameters used in the simulations are taken from the experimental information available for these systems.
